Magnetic resonance diffusion tensor imaging yields images with detailed information about tissue water diffusion. Diffusion-weighted imaging of the human spinal cord requires dedicated magnetic resonance pulse sequences that minimize the effects of subject motion, distortions, and artifacts from lipids and CSF flow. These problems are accentuated by the anatomic properties of the spinal cord (i.e., a small crosssectional dimension and a location deep inside the body). The diffusion tensor (a simplified model for complex diffusion in structured tissues) can be estimated for each image pixel by measuring diffusion along a minimum of six independent directions. It can then be used to derive mean diffusivity, diffusion anisotropy, and the dominant orientation of the diffusion process. The observation that diffusion along nerve fibers is much higher than across fibers, allows a noninvasive reconstruction of the spinal cord nerve fiber architecture. This includes not only the primary cranio-caudad running connections, but also secondary, transverse running collateral fibers. With fiber tracking, the pixel-based diffusion information can be integrated to obtain a three-dimensional view of axonal fiber connectivity between the spinal cord and different brain regions. The development and myelination during infancy and early childhood is reflected in a gradual decrease of mean diffusivity and increase in anisotropy. There are several diseases that lead to either local or general changes in spinal cord water diffusion. For therapy research, such changes can be studied noninvasively and repeatedly in animal models.
INTRODUCTION
The spinal cord is an integral part of the nervous system and interconnects the brain with the peripheral nervous system. The majority of nerve fibers in the spinal cord are myelinated. They run longitudinally and exit at the spine nerve roots at different segment levels. The central gray matter portion of the spinal cord contains not only longitudinal fibers, but also a large number of nerve cells and neuropil, a dense mesh of dendrites. Collateral fibers, which run largely orthogonal to the longitudinal fibers, connect the central gray matter with the surrounding white matter zone. These collateral nerve fibers interconnect different areas and levels of the spinal cord and form part of many functional connections within the spinal cord, such as the spinothalamic tract and the deep spinal reflex circuit. This reflex circuit enables rapid muscle contraction without any brain intervention after an appropriate sensory stimulus (e.g., heat).
In routine clinical MR imaging, most of the signal arises from water in tissue and the visualization of tissue water diffusion properties with dedicated MR diffusion imaging sequences permits the noninvasive assessment of tissue architecture. Although the spatial resolution of clinical MR systems is typically limited to approximately 1 mm, motion probing magnetic field gradients permit the detection of molecular diffusion at microscopic dimensions. In clinical scanners, each gradient is typically applied for a duration of several tens of milliseconds, during which time the average water molecule in biological tissues may migrate 10 m or more in a random direction. The sensitivity of the pulse sequence to the diffusion is expressed by the b-factor. A tissue-specific diffusion constant d can be determined by measuring the diffusion-related signal attenuation, which equals exp(-db). To eliminate signal variations due to T2 decay and nonuniform proton density, at least two measurements (i.e., one with diffusion encoding gradients and one without) must be performed.
In tissues, unlike pure liquids, the presence of various tissue components (i.e., large molecules, intracellular organs, membranes, cell walls) has an impeding effect on water diffusion. The observed diffusion is isotropic if this restriction is direction independent. It is isotropic if this restriction enforces a preferred orientation of the water diffusion process that is largely uniform across the entire imaging voxel. The directional variability of restricted diffusion is usually quantified by the rotationally invariant fractional anisotropy (FA) index, 1 which ranges from 0 (isotropic diffusion) to 100% (diffusion along one orientation only).
In the brain and spinal cord, diffusion anisotropy is attributed to the presence of densely packed axonal membranes. 2, 3 The motion of tissue water across the axon membranes and myelin sheath that surround the axons is restricted. At the same time, water molecules are relatively free to move along the longitudinal direction of the axons. The capability of MR diffusion imaging to quantitatively probe diffusion along arbitrary directions combined with the concept of the diffusion tensor 4 permits the accurate assessment of the preferred diffusion direction for each imaging voxel. With the diffusion tensor model, diffusion can be conceptualized and visualized with ellipsoids; the directions of the orthogonal ellipsoid main axes represent the diffusion tensor eigenvectors and their length represent the diffusion tensor eigenvalues 1 , 2 , and 3 . The first eigenvector, with the highest diffusivity 1 points along the dominant diffusion direction, which coincides with the longitudinal direction of the nerve fiber bundles. 5, 6 The third eigenvector, with the lowest diffusivity 3 , points along the direction of most restricted diffusion. In the absence of any other structures, such as crossing nerve fibers or supporting cells, the second and third eigenvector point in random directions perpendicular to the longitudinal axis of the fiber bundle.
MR PULSE SEQUENCES FOR SPINAL CORD DIFFUSION IMAGING
Magnetic resonance diffusion imaging is routinely performed in the brain during clinical or research examinations and suitable MR pulse sequences are available on most clinical MR systems. In the spinal cord, however, the application of standard pulse sequences for diffusion imaging results in inadequate image quality for several reasons: 1) the small cross-section of the spinal cord requires high-resolution imaging to obtain any meaningful anatomical information, and because the spinal cord runs deep inside the body, it is difficult to simultaneously achieve an acceptable signal-to-noise ratio and high spatial resolution; 2) The surrounding CSF is likely to confound the measurements due to partial volume effects, unless images are obtained at high resolution; 3) motion of the CSF and organs in the thorax and abdomen may lead to ghosting artifacts, unless single-shot diffusion imaging techniques are used; 4) the presence of nearby bony structures causes magnetic susceptibility variations 7 that can not be compensated with magnetic field shimming, and although smaller than the susceptibility variations at air-tissue interfaces, they nevertheless may lead to serious image distortions; 5) chemical-shift artifacts arise from lipids in the vertebral bodies and other nearby structures. Fat signal suppression may not fully eliminate the chemical-shift artifacts, because it may be difficult to shim the magnetic field homogeneity over an extended length of the spinal cord.
The standard single-shot echo-planar diffusion imaging sequences 8 that acquire a complete diffusionweighted image after a single radio-frequency excitation, offer limited spatial resolution and signal-to-noise ratio. Moreover, these sequences are particularly sensitive to local magnetic field variations, chemical shift, and eddy currents. The resulting artifacts are more severe at higher magnetic field strengths. Multi-shot, diffusion-weighted, spin-echo sequences largely overcome these limitations, but suffer from severe motion artifacts. To some extent these motion artifacts can be mitigated by avoiding intervals of strong motion with a cardiac-gated acquisition 9 and by monitoring and compensating motion with navigators. This technique was used in the first report of in vivo spinal cord diffusion images obtained in humans. 10 Cardiac gating increases scan time and with the sequence described in this first report, 30 min or more are needed to acquire the minimal number of six diffusion encoding directions to compute the diffusion tensor. More recent studies with navigator correction have used interleaved echo-planar diffusion imaging 9, [11] [12] [13] [14] [15] and have achieved a considerably shorter scan time. All other approaches that have been suggested for spinal cord diffusion imaging use single-shot imaging methods and do not require cardiac gating. Standard single-shot echo-planar techniques, despite the tendency to produce images with the most severe distortion artifacts, have been used for spinal cord diffusion-weighted imaging. 16 Voss et al. 17 used two spinal cord image acquisitions with opposite phase encode gradient polarity to estimate and correct distortions. Various other modifications, which have been incorporated to decrease the susceptibility-related distortions and chemical shift artifacts, invariably reduce the signalto-noise ratio or scan speed. Fast spin-echo single-shot diffusion-weighted imaging 18, 19 uses refocusing pulses to obtain multiple signal echoes after a single radiofrequency excitation. In a comparative spinal cord diffusion imaging study, 20 however, navigated spin-echo sequences were found to outperform fast spin-echo sequences. The human spinal cord data presented in this article was obtained with line scan diffusion imaging, 21 ,22 a spin-echo technique that relies on the sequential single-shot acquisition of columns. Despite limited scan speed, rectangular images with diffusion-weighted images along six encoding axes can be scanned in as little as 25 s per section. 23 Moreover, line scan diffusion imaging performs reliably at low, 24 intermediate, 25 and high-field strengths. Between the extremes of single column excitation and standard full field of view, singleshot imaging, there are methods that achieve artifact reduction through reduced field of view imaging 26 -28 or parallel imaging. 29, 30 Typical scan parameters for human spinal cord scans constitute an axial or sagittal scan plane, with a field of view of 200 to 300 mm that may be reduced along one direction, a spatial in-plane resolution of 1.0 to 2.0 mm, and a slice thickness of 3 to 4 mm. As for brain diffusion tensor scans, a b-factor between 750 and 1000 s/mm 2 is ideal. To obtain a rotationally invariant measure of tissue water diffusion (i.e., trace of the diffusion tensor), a minimum of three orthogonal diffusion encoding directions suffice, whereas for the complete diffusion tensor, a minimum of six noncollinear and noncoplanar encoding directions are required. For efficient coverage, phased-array receiver coils are preferred, but individual surface coils may permit improved resolution over a limited field of view. To maximize the MR signal, the echo time should be kept as short as possible, typically in a range between 60 ms (line scan diffusion imaging) and 100 ms (single-shot echo-planar imaging). The repetition time, on the other hand, should be as long as possible to avoid T1-weighting. If much longer scan times are acceptable, CSF signal suppression can be applied to reduce partial volume effects and obtain more accurate measurements of white matter diffusion. 31 To improve spatial resolution and avoid overestimation of diffusion anisotropy in areas of low anisotropy, 25, 32 signal averaging may be necessary. In situations of an extremely low signal, the effect of magnitude signal averaging and the resulting Rician noise distribution must be considered and corrected. 33 Measurements of the eigenvector direction also benefit from signal averaging, but unlike FA values, they are free of any bias. Instead of simple repeat measurements, it may be more useful to acquire more diffusion encoding directions.
DIFFUSION PARAMETERS OF THE NORMAL SPINAL CORD
Spinal cord diffusion image data of a healthy volunteer is presented in Figure 1 . There is no evidence of severe image distortion, ghosting, or motion-related signal loss. On the diffusion-weighted image (FIG. 1B) , the normal spinal cord exhibits uniform signal. The surrounding CSF appears dark, due to a strong diffusion-related signal loss. 34 Accordingly, on the diffusion map (FIG. 1C) , the high diffusivity of CSF is reflected by the bright appearance of the CSF, which contrasts with the much lower diffusivity of the spinal cord. On the FA map (FIG. 1D) , much more noise is manifest. Nevertheless, a narrow longitudinal strip along the ventral side of the spinal cord with a lower anisotropy value than the rest of the spinal cord can be discerned. Most likely, it can be attributed to the gray matter core of the spinal cord. The difference in diffusion anisotropy between spinal cord gray and white matter is clearly visualized on the axial FA map of a human spinal cord specimen shown in Figure 2A . The corresponding histology of neighboring gray and white matter zones is presented in Figure 2B . In agreement with the theory of directionally dependent diffusion restriction by axons, 2,3 the axon density in the high-anisotropy white matter zone appears much higher. Nevertheless, the presence of myelinated cranio-caudal and collateral nerve fibers in the spinal cord gray matter gives rise to a much higher FA value than is typically observed in the cortical gray matter. Manual 35 and computer-aided 36 analysis of spinal cord specimens demonstrate a good correlation between FA and axon density. In particular, it was found that the dorsal running tract of epicritical and proprioceptive sensation fibers is clearly visible as a triangular-shaped area of high amplitude in corresponding locations in both FA and axon density maps. 36 Average diffusion and FA values of the normal spinal cord are listed in Table 1 . The highest diffusion values are observed in the spinal cord of infants 37 and the lowest in adults with an age range of 30 to 50 years. 38, 39 In subjects older than 50 years, the spinal cord diffusion appears to be higher, but on average not as high as in children. The studies cited in Table 1 do not include FA values for infants and children, but report anisotropy indices that indicate lower FA values during development. The developmental and age dependence of mean diffusivity and FA is well known and has also been observed in the brain. 40, 41 However, not necessarily all of these changes may be present in the spinal cord tissue, but may rather be a manifestation of the limited spatial resolution together with CSF partial volume effects and age-related changes in spinal cord geometry. Indeed, CSF contamination may cause an overestimation of diffusion values and an underestimation of FA values. Such contamination most likely occurs in sagittal Cerebro-spinal fluid 3.423 Ϯ 0.16 [34] FA ϭ fractional anisotropy.
sections, when the voxel geometry is anisotropic. The sagittal and axial plane diffusivity values listed in Table 1 show no major difference, which indicates a negligible CSF signal contamination. The remarkable difference between FA measurements obtained with signal averaging and FA measurements obtained without it underlines the importance of an adequate signal-to-noise ratio, particularly in areas of low anisotropy, such as spinal cord gray matter or cerebral cortex.
DIRECTIONALLY DEPENDENT DIFFUSION AND SPINAL CORD TISSUE ARCHITECTURE
The assessment of the diffusion eigenvector for each image voxel allows for accurate mapping of the axon directions. With the aid of diffusion tensor tractography, pathways of nerve fibers can be reconstructed over extended lengths of the spinal cord. 17, 27 By following repetitively in small steps along spatially interpolated directions of maximum diffusion, a contiguous path that passes through initial seed positions is defined. An example of spinal cord fiber tracking is presented in Figure  3 . Thus, the departure from the basic assessment of the anisotropy of each diffusion ellipsoid to the more elaborate analysis of neighbor relationships among diffusion ellipsoids opens the possibility for assessing in vivo axonal fiber connectivity and functional links between the spinal cord and brain regions. 17 An analysis of the second eigenvector directions, derived from highly signal-averaged diffusion tensor scans, reveals an orderly arrangement (FIG. 4) . On axial sections, the second eigenvectors consistently point from the central gray matter zone to the peripheral white matter zone. A detailed comparison of the second eigenvectors with histological findings revealed an excellent agreement between second eigenvector and collateral fiber orientation. 42 Thus, the presence of secondary fibers that run at an angle to the primary fiber direction increases the diffusion restriction along the primary fiber direction and reduces the diffusion restriction along the secondary fiber direction. The third eigenvector, with the lowest diffusivity, points along the direction of most severe diffusion restriction (i.e., orthogonal to the primary and secondary fiber direction). The fiber architecture in the spinal cord is special insofar as the secondary collateral nerve fibers run at a right angle to the primary longitudinal fibers, and therefore the simplified diffusion tensor model with three orthogonal eigenvector directions is perfectly adequate. In the presence of nonorthogonal fiber crossings, fiber architecture can be assessed by measuring tissue diffusion properties along a large number of directions. 43 
DIFFUSION IMAGING OF THE DISEASED SPINAL CORD
Diffusion imaging can be useful to document pathologic changes of the spinal cord. One of the most common changes is the elevation of the tissue diffusion as an early indicator of tissue damage in the compressed spinal cord section of spondylosis patients (FIG. 5) . 14, 38 Spondylotic myelopathy with irreversible tissue damage is usually associated with abnormally low diffusion anisotropy. In multiple sclerosis patients, diffusivity and anisotropy change in a similar fashion over the entire spinal cord. 44 In patients with tumors, assessment of tissue water diffusion can aid in the definitive lesion characterization. 45 As in the brain, the immediate reduction of diffusivity after ischemic damage is a valuable indicator of infarction. 46 The phenomenon of diffusion anisotropy is of particular interest to studies that evaluate the local structural integrity of the spinal cord. Based on geometry and the degree of anisotropy loss, fiber tract alterations (such as dislocation, swelling, infiltration, and disruption) can be documented. Particularly in traumatic spinal cord injury, diffusion tensor imaging in conjunction with fiber tracking can be a valuable tool to assess spinal cord damage. 47 Of great interest for therapy research is that spinal cord MR diffusion tensor imaging can be used for noninvasive serial documentation of spinal cord injury in animals, such as rats (FIG. 6) . 48 -50 With high-field MR systems and implantable radio-frequency coils, high-resolution diffusion tensor imaging can even be performed in the spinal cord of mice. 51 Thus, diffusion tensor imaging, pending further refinements in image quality and robustness, may become an important routine tool in therapy research for spinal cord trauma patients.
